Abstract. Direct laser beam writing is a mature technology for the fabrication of continuousrelief micro-optical (diffractive and refractive) lenses and lens arrays having a wide range of different optical design parameters. Whereas most microlens array applications require only one specific element type, some applications can profit from the combination of micro-optical elements having different optical functions in the same array. Lens arrays with a spatial variation of the focal length and beam deflection angle have been fabricated and successfully tested in confocal microscope measurements on non-planar surfaces.
Introduction
Microlens arrays consisting of refractive or diffractive lenslets have numerous applications in imaging, optical computing and detection systems. Most of these applications require arrays with identical lenslets. An optimization of the fabrication process for a specific lens parameter set is therefore typically required. As an example, excellent results have been demonstrated for lithography systems equipped with refractive lenslets fabricated by a photoresist reflow technique [1] . However, if diffractive lenses are also feasible for a given application and corresponding fabrication technologies are available, the range of geometrical and optical parameters accessible for the individual lenslets is considerably enlarged. In particular, the lens numerical aperture (NA) can cover a very large range. In addition, the variation of the optical function over the lens array can help to enable, improve or simplify many optical systems. The parameters that can be changed include the focal length (cf figure 1), the lens anamorphism, the aperture and the beam deflection angle. The latter can be used for spatially varying optical interconnects in optical computing systems and for matching arrays with different optical pitch in, for example, parallel optical sensing systems.
As demonstrations of arrays with varying optical functions, lens arrays with a spatial variation of the focal length and beam deflection angle have been realized. The fabrication technology, the lens design algorithms including the data handling and experimental characterization results of fabricated arrays are presented. 
Laser writing
Since the variation in the optical function can cover a large range, the technology used for the array fabrication needs to show a high level of flexibility. Over the past few years, direct laser beam writing in photoresist has proven to be highly reliable and accurate for the fabrication of continuous-relief micro-optical (diffractive and refractive) lenses and lens arrays with high fill factors [2, 3] . A detailed description of the process can be found in [4] ; only a short summary is given here.
A substrate coated with a thin layer of photosensitive material is raster scanned under a focused HeCd laser spot. The intensity of the laser beam is modulated within 8-bit resolution, resulting in a grey-level exposure of the photoresist. This is converted into a surface relief structure by the subsequent wet-etching process. Copies of this original microstructure are made by electroplating a nickel shim that is used for low-cost, highvolume production by moulding, embossing or casting techniques. The ability to structure photoresist layers with depths of up to 15 µm with high accuracy allows the fabrication of diffractive elements working in higher diffraction orders, having deeper and wider zones. This feature of the fabrication technology counterbalances the limitations dictated by the finite size of the focused writing spot. Typical features of a new (third-generation) laser writing system, developed at the Paul Scherrer Institute (PSI) in Zurich, are an accessible profile depth of about 15 µm, a minimum addressable pixel size of 400 nm, an adjustable laser spot size, fabrication specific data preparation procedures and highprecision, computer-controlled translation stages. This wide range of writing parameters results in a large flexibility for the design and fabrication of microstructures. Within the range of accessible parameters, a given lens phase function can be realized in the form of a diffractive or a refractive lens using the same technology. Arrays of lenses having numerical apertures (NA) between 0.003 and 0.5 have been successfully fabricated previously [3] .
Lens design and data preparation
For lens arrays with spatial varying optical functions, the optical design of the individual lenslets and the preparation of the laser writing exposure data needs special consideration. Having 8-bit resolution and submicron pixel sizes, the amount of exposure data increases to the order of several Gbytes for the lens arrays discussed here. Real-time computation of the exposure data is therefore favourable in order to avoid such large data files.
The individual steps of the real-time calculation are described in the following for a lens array in which the focal spots lie on the surface of a sphere. The beam deflection angle is chosen such that the central ray of each aperture has normal incidence on the spherical surface with radius R (see figure 2(a) ). Such arrays can be used in confocal microscopy on curved surfaces (see section 5). 
(iv) The focal length is given by
of the corresponding surface relief are calculated and (vii) finally the exposure intensity, taking resist characteristics into account.
For lenslets with high numerical apertures, the transformation of the phase function into a surface relief (step (vi)) has to be done with great care. The scalar diffraction theory is valid only for feature sizes which are large compared to the illumination wavelength, whereas rigorous calculations are computationally very extensive. We use an approximation based on phase-sensitive ray tracing [5] which does permit the use of fast, scalar calculations down to grating periods of a few wavelengths. This is also roughly the lower limit imposed by the fabrication technology.
The following relation for the optimum profile depth maximum d 0 can be obtained by the phase-matching condition that all partial waves emanating from the grating structure interfere constructively in the Mth diffraction order:
The local grating period is given by
whereas the local depth d(x, y) can be obtained from the local phase value
When designing microstructures it is essential to consider fabrication constraints and tolerances at as early a stage as possible in the design process. Due to the finite size of the writing spot (approximately 1.2 µm FWHM for the PSIZ system), the phase transitions at the zone boundaries cannot be fabricated perfectly vertical. Part of the active area is lost at these transition points. This dead area can be reduced by designing the elements to work in higher diffraction orders, however, having to deal with the drawback of tighter fabrication tolerances [6] . The aim is to use the optimum diffraction order for a given set of system parameters. The diffraction order (or phase-matching number) M can be changed locally within one element. Designs with low values of M result in a larger number of zones which leads to a reduced sensitivity of the focal length to fabrication errors [7] . Typically, all different influences are taken into account and, if needed, weighted against each other to achieve an optimum microlens performance. In the case of different lenses combined in the same array, as treated in this paper, some design features (e.g. the phasematching number M and the rules for its choice) might change over the lens array.
Characterization of fabricated arrays
As first examples for lens arrays with a spatial variation of the optical functions, arrays with a variation in focal length have been fabricated. Lens arrays with the focal spots arranged on a cylindrical, spherical and parabolic surface were fabricated. As an illustration of typical results achievable, the scanning electron micrograph in figure 1 shows the section of a microlens array (aperture 100 × 100 µm 2 ) with a parabolic variation of the focal length in two dimensions. The fill factor of the lens array is 100%.
In the following, we concentrate on the results obtained for an array with a cylindrical focal spot distribution. It has been designed for an illumination wavelength of λ = 0.6328 µm. The lenses were tested using a confocal microscope with a flat (λ/20) reference mirror instead of a measuring object. This set-up for microlens array characterization is described in [8] . The field size of the confocal microscope is 15 × 16 mm 2 , enabling a parallel measurement of practically the whole lens array. The reference mirror was scanned in steps of 9 µm along the z-direction. Figure 3 shows the axial response of one row of the cylindrical array. A dark colour corresponds to high intensity. The axial responses of the individual lenses can be clearly distinguished-represented by the dark vertical stripes. The cylindrical arrangement of the focal points can be easily seen, as well as the appearance of additional foci in the central region of the lenslet row. This is due to energy in higher and lower diffraction orders. The appearance of these additional foci is mainly caused by slight imperfections of the surface relief [6] . In the measurement set-up the light passes twice through the lens array. Therefore, peaks in the axial response curve can be seen at the positions given by
where f is the designed focal length and M is the phase-matching number of the lens or of the section of the lens. The m i,j are the diffraction orders of the first and second pass of the light through the lenslet, respectively. In the central part of figure 3 with M = 2, the peaks z 2,2 (designed), z 1,3 , z 1,2 and z 1,1 can be seen, whereas in the outer part with M = 1, only the designed peak at z 1,1 and some very weak peaks for i, j > 1 are present. Due to the double pass through the lens array, the resulting intensity at the focal position is given by the square of the lens efficiency in the desired order. Depending upon the application, the effects of higher-order foci can be overcome by proper data or image analysis. The centres of gravity of the axial response curves, as shown for one lenslet row in figure 3 , are determined for the measurement of the focal length. The focal length variation of the whole array is shown in figure 4 . A very smooth distribution is obtained. The discrete focal depth steps, resulting from the individual lenslets can be distinguished. The radius of curvature of the measured cylindrical focal length distribution fits well within the design value of R = 20.0 mm.
A distinct increase of the focal depth with the increase of the focal length is found in figure 3(a) , as can be expected from the variation of the numerical aperture.
The lateral intensity distribution in the focal plane of a single lens was imaged onto a CCD chip using a 100× microscope objective (NA = 0.95). The image was stored on a PC with a framegrabber and is shown as an inset in figure 5(a) . Figure 5 (a) itself shows a line scan through the measured distribution (circles). These data values have been fitted with the theoretically expected sinc function (full curve), having its first minima at x = ±q. In the diffraction-limited case, the spot size q for a quadratic aperture is given by q = λf/D. This measurement has been repeated for different lenses in one row and the obtained spot sizes q are shown in figure 5(b) (circles) . The comparison with the diffraction-limited values (full curve) proves the diffraction-limited performance over the whole parameter range. 
Lens arrays for confocal microscopy on curved surfaces
As has been demonstrated previously [9] , the use of microlens arrays with a constant focal length allows a parallel scanning technique in confocal microscopy. This results in an extended field size compared to a conventional confocal set-up using a single objective. The microlenses need to have a high numerical aperture and a symmetric on-axis intensity distribution in order to obtain the desired axial resolution. Lens arrays with continuousrelief diffractive lenslets, having an aperture of 150 × 150 µm 2 , an NA of 0.28 and very low aberrations have been fabricated previously [3, 8] for confocal microscopy. The maximum object height variation to be measured with this kind of confocal microscope set-up is restricted to the focal length of the microlenses. Increasing the focal length of the lenslets will result in a decrease of either the axial or lateral resolution depending on whether the aperture or the numerical aperture are kept constant.
Lens arrays with spatially varying focal lengths are used on non-planar surfaces, the overall profile height of which exceeds the vertical measurement range of a microlens-arraybased set-up, but is known to within a reasonable degree of accuracy. The lens array focal surface is shaped to fit the expected object shape. In the measurement, only the deviation of the object surface from the focal surface has to be detected, the maximum accessible profile depth is therefore considerably increased. Furthermore, it allows even faster measurements since the total vertical scan movement is reduced.
In the confocal condition, the light reflected from the object to be measured has to pass through the same microlens aperture on its way back to fulfil the measuring principle. This can be ensured by normal incidence of the light onto the curved surface. Arrays fulfilling this condition have been designed and fabricated for focusing onto a cylindrical (R = 20 mm) and a spherical surface (R = 52.44 mm) (see figure 2 and section 3 for the design algorithm). The normal incidence condition is fulfilled by a simultaneous variation of the focal length and the beam deflection angle. Figure 6 shows an optical microscope picture of a small section of the off-axis lens array, focusing onto a spherical surface.
We present measurement results from the array with the spherical focal spot distribution. It consists of 60 × 60 lenses with a quadratic subaperture of D = 200 µm side length and a minimum focal length f 0 = 400 µm. Adding the deflection function to the focusing function results in off-axis lenslets, having smaller grating periods than on-axis lenses with the same focal length and aperture. Therefore a phase-matching number of M = 3 was chosen for the whole array to reduce the spot size convolution effects in the laser writing process.
First results of confocal measurements of a spherical plano-convex lens, having a radius of curvature of R = (52.44 ± 1.0) mm are shown in figure 7 . It shows the axial response of one row of the array. The flat horizontal line indicates the successful adaptation of the focal length distribution onto the measuring object shape. The peak intensity for the axial responses for the individual microlenses is nearly constant. This proves that the reflected light takes the correct path back through the same aperture, a consequence of the locally normal incidence onto the curved surface of the measured object. The additional curved line is due to additional foci, resulting from higher and lower diffraction orders. The topography obtained from the confocal measurement gives the difference between the focal spot distribution of the lens array and the object. For the plano-convex lens investigated, we found a residual deviation which lies within the manufacturing tolerances for this type of lens.
The axial resolution of the confocal measurements depends on the width of the axial response. This width does increase with decreasing numerical aperture as can be clearly seen in figures 3(a) and 7. Therefore, the vertical resolution varies with the lenslets numerical aperture over the array. If a constant vertical resolution is needed, constant numerical aperture lenslets are required, leading to larger lenses at the edges and therefore less dense packing. The choice to have a regular array of sampling points was made for convenience of data generation.
Conclusions
We have demonstrated optical systems that require or benefit from microlens arrays with spatially varying optical properties. When optical parameters such as focal length or deflection angle have to be varied over the individual array elements, the fabrication method has to fulfil several requirements. Direct laser beam writing has proven to be a flexible technology that guarantees high-accuracy fabrication of refractive as well as diffractive lenses covering a large parameter range on a single substrate. The variation of focal length alone and in combination with a varying deflection angle have been demonstrated for the application of confocal microscopy on curved surfaces. The confocal microscope has proven to be a very efficient tool for lens array characterization. A diffraction-limited imaging performance has been measured for elements with NAs ranging from 0.06 to 0.3 combined on one substrate.
The influence of small fabrication tolerances has been discussed with the example of confocal measurements on planar and curved surfaces.
